A close relationship between pulmonary ventilation and blood flow exists in the normal functioning of the lungs. Thus, primary alterations in one of these processes are difficult to distinguish from secondary changes in the other. In order to study these two functions in the intact animal, we have separated them by utilizing a technique which allows us to induce alterations in pulmonary blood flow while keeping ventilation constant in rate and tidal volume. This report describes changes observed in the pulmonary circulation and respiratory gas exchange of dogs in whom blood flow was decreased by hemorrhage and then restored by blood replacement.
A close relationship between pulmonary ventilation and blood flow exists in the normal functioning of the lungs. Thus, primary alterations in one of these processes are difficult to distinguish from secondary changes in the other. In order to study these two functions in the intact animal, we have separated them by utilizing a technique which allows us to induce alterations in pulmonary blood flow while keeping ventilation constant in rate and tidal volume. This report describes changes observed in the pulmonary circulation and respiratory gas exchange of dogs in whom blood flow was decreased by hemorrhage and then restored by blood replacement.
Studies on experimental animals and human subjects have indicated that all pulmonary vessels are not open at the same time (1) , and that the pulmonary circulation is able to accommodate a marked increase in blood flow with little rise in the pulmonary arterial blood pressure (2) (3) (4) (5) (6) (7) . An increase in blood flow, then, must be accompanied by a decrease in vascular resistance, presumably due to expansion of the pulmonary bed. However, the mechanisms by which such accommodation occurs have not been fully elucidated, and questions remain as to the relative importance of physical forces, the effectiveness of vasomotor control and the significance of local pressor and chemo-reflexes. Moreover, only fragmentary data are available regarding the effects of primary reduction in the pulmonary blood flow, as * Preliminary results reported before the Federation of American Societies for Experimental Biology, April 15, 1958. t Aided by Grant No. H 2506 from the National Heart Institute of the United States Public Health Service, and a Medical Research Grant from the National Tuberculosis Association through its Medical Section, The American Trudeau Society.
4 Present address: Bispebjerg Hospital, Copenhagen, Denmark. in hemorrhagic shock (8) (9) (10) , or after diversion of blood around the lungs, as in open heart surgery.
The results of the present study contribute information on the response of the pulmonary vessels to a reduction in blood flow. Our findings suggest that as flow is diminished portions of the pulmonary vascular bed close completely, and that with restoration of flow there is some delay before these vessels reopen.
METHODS
Eightedogs, ranging in weight from 12 to 19 Kg. (mean, 15 Kg.), were used in these experiments. The animals were anesthetized with sodium pentobarbital (35 mg. per Kg.) and infused with succinylcholine (0.4 ug. per ml.) at a rate sufficient to arrest respiratory muscular activity; no supplemental anesthesia was administered. a). Respiratory measurements. The animals were intubated with a cuffed endotracheal tube and ventilated with room air by a specially designed respirator, which intermittently delivered a known tidal volume at a constant flow rate ("square wave") and of uniform duration (11) . Expiration was passive with the airway open to the atmosphere. The expired gas was passed through a dry gas flow meter in which it was thoroughly mixed; at selected intervals samples were collected and analyzed for oxygen and carbon dioxide concentrations (12) . In addition, a small stream of gas from the endotracheal tube was constantly drawn through an infrared carbon dioxide gas analyzer' so that a continuous record of the end-tidal carbon dioxide partial pressure could be obtained (13, 14) .
At the outset of each experiment the respiratory frequency and tidal volume were adjusted so as to maintain the end-tidal gas carbon dioxide partial pressure within the normal range; once set, the ventilation was kept constant throughout the course of each study.
The endotracheal pressure was continuously measured, so that a pressure-volume curve for each inflation could be obtained. Since the tidal volume remained constant, the slope of this curve (Figure 1 ) directly reflects the total lung-thorax compliance as the change in intrapulmonic volume (tidal volume) per unit change in transthoracic (endotracheal) pressure (15) (16) (17) (19) .
2). Oxygen and carbon dioxide contents were determined by the micromanometric method of Natelson as modified by Holaday and Verosky (20) .
3). pH was determined by passing blood directly from the catheters in the femoral and pulmonary arteries through a glass electrode pH meter, as described by Holaday (21). 4). Hematocrit was measured using the microcentrifuge technique (22 (24) using the values obtained for the blood carbon dioxide content, pH and hematocrit.
2). Pulmonary blood flow by the direct Fick principle using the values for the blood and gas oxygen contents.
3). Respiratory (physiological) dead space by the Bohr formula using the carbon dioxide values and substituting the arterial for the alveolar carbon dioxide tensions (25) .
Thus:
respiratory dead space = (Paco, Pzco,) VT 
Pacoo
where Paco, and Pzoo, are the carbon dioxide tensions (mm. Hg) in the arterial blood and mixed expired gas, respectively, and VT is the tidal volume. When used in this manner, the total respiratory (physiological) dead space is equivalent to that portion of the tidal volume which does not undergo gas exchange with pulmonary capillary blood (26) . 4). Percentage of venous admixture from the blood oxygen contents (ml. 02 per 100 ml. blood), using the ratio of the concentration differences of arterial to end-pulmonary capillary blood: mixed venous to end-pulmonary capillary blood, as: (Cc'o2 -Cao2)/(Cc'o, -CVo.) (27) ; "Cao," and "CVo2" refer to the oxygen concentrations in the arterial and mixed venous bloods, respectively, and "Cc'o," refers to the "ideal" end-pulmonary capillary blood which is assumed to be fully saturated. of the mean (S.E.m = S.D.) are given ("x'" represents the mean, "x" the individual variation and "n" the number of determinations). In those cases where only the mean values and the range are given, we intend to show merely the direction of change, the degree of which was proportional to the percentage of the blood volume removed which varied from animal to animal. g). Procedure. After a 30 minute equilibration period two sets of control blood and gas samples were obtained one hour apart. We then began to bleed the animals from the other femoral artery in successive steps, each approximating 5 per cent of the assumed blood volume [estimated as 10 per cent of the body weight (18)], until the systemic blood pressure fell to between 25 and 50 per cent of the control level. After each aliquot of blood was removed, three minutes were allowed for re-equilibration. A sustained hypotension was obtained after approximately onethird of the estimated blood volume had been removed.
Over the next hour we collected three more sets of blood and gas samples, after which all the blood was replaced in similar step-wise increments.2 Another two sets of data were obtained during the hour following reinfusion. We then sacrificed the animals by injecting concentrated 2 Three of the eight animals died before complete data could be obtained for the postreinfusion period. potassium chloride into the left ventricle. As soon as the heart beat ceased, the chest was rapidly opened and the hilum of one lung clamped to prevent leakage of air and blood. The lungs were removed, fixed in formalin and microscopic sections prepared. During blood volume depletion the systemic and pulmonary arterial blood pressures both decreased until the pulmonary pressure reached approximately two-thirds of its control value (from 13 to 8.5 mm. Hg). Despite additional blood Figure 3 ).
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C. Respiratory dead space
The total respiratory (physiological) dead space, as derived by the above methods, is the sum of the "anatomical" or airway dead space, and the so-called "alveolar" dead space (28) (29) (30) (31) (32) (33) (34) . The "anatomical" portion of the dead space is a virtual volume equivalent to the volume of the respiratory passages leading to the alveoli. The "alveolar" dead space represents the volume of air ventilating alveoli which are either not perfused, or inadequately perfused, and depends upon the overall ventilation-perfusion relationship in the alveoli throughout the lung (26) .
Under normal conditions, the ventilated alveoli are well perfused so that the "alveolar" dead space is negligible and the total respiratory (physiological) dead space is equivalent to the "anatomical" dead space alone (31, 32) . When, however, blood flow is diminished in relation to ventilation, a significant "alveolar" dead space may develop in addition to the "anatomical" dead space (26, 34) .
During the control period the total dead space comprised 33 per cent of the tidal volume (dead space, 74 ml.; tidal volume, 220 ml.) (Table III, Figure 3 ). There was no significant arterial to end-tidal carbon dioxide tension difference (Table   PERCENT IV, Figure 4 ), so that we can assume that no significant "alveolar" dead space existed, all the dead space being "anatomical." Following removal of one-third of the estimated blood volume, the total respiratory (physiological) dead space increased to 55 per cent of the same tidal volume (120 ml.), and an arterial to end-tidal carbon dioxide tension gradient appeared which averaged 8 mm. Hg. This indicates the development of a significant "alveolar" dead space. When the blood volume was restored (minus the 6 per cent expended for samples) the dead space volume returned toward the control volume (90 ml.) and the carbon dioxide tension difference decreased to 2.5 mm. Hg. The increase in the mixed venous blood carbon dioxide tension presumably reflects only the decreased cardiac output; it returned to its control level after blood restoration (Tables III and IV The percentage of venous admixture was reduced, following hemorrhage, from a control value of 18 to 11 per cent. After blood volume was restored, this was further decreased to 5 per cent, and then rose to 7 per cent one hour after blood volume restoration (Table III) .
During the control period the average oxygen saturation of the arterial blood was 95 per cent and of the mixed venous blood, 72 per cent. Following hemorrhage, the mixed venous blood oxygen saturation decreased to only 30 per cent, and the arterial blood achieved 90 per cent saturation (Table V, Figure 4 ). This fall in the arterial oxygen saturation is commensurate with the degree of admixture of markedly unsaturated venous blood and the decreased effective alveolar ventilation. There is thus no evidence of a barrier to gas diffusion; with blood replacement both values rapidly returned to their control levels. The tidal volume is divided into alveolar ventilation, VA (hatched area), and total respiratory dead space (white area). The dead space is further divided by the broken line into "anatomical" dead space above, and "alveolar" dead space below. The arterial and mixed venous blood pH values declined after hemorrhage, as did the values for the buffer base concentration (Table V, Figure  5 ). These changes were accompanied by a simultaneous rise in lactic acid concentration, suggesting that products of anaerobic metabolism were the source of the metabolic acidosis which developed.
The total lung-thorax compliance declined to 90 per cent of its control level with blood removal and then returned to the control value following blood replacement (Tables I and II, Figure 2 ): This decrease could mean either that the lungs became "stiffer" as pulmonary blood flow was reduced, possibly owing to increased bronchomotor tone or changes in pulmonary blood volume, or that there was a decrease in the functioning lung tissue owing to collapse of alveoli (35) (36) (37) (38) . Histological sections of the sealed lungs from dogs that died during hypotension showed areas of collapse, particularly in the hilar regions (Figure 6 ), which would tend to explanation. support the latter DISCUSSION The findings obtained in this study are significant in two respects. First, with reduction in blood flow the systemic arterial blood pressure decreased continuously, whereas the blood pressure in the main pulmonary artery leveled off after an initial decline. Second, there was a marked increase in the total respiratory (physiological) dead space attributable to the development of a significant "alveolar" dead space. Following the restoration of blood volume, the systemic blood pressure did not return completely to its pre-hemorrhagic level, whereas the pulmonary pressure actually exceeded its control value. The total dead space decreased towards the control volume, but remained somewhat greater than before hemorrhage, and the lung-thorax compliance returned to its starting level. (Table VI) . Thus, it must be assumed that as blood flow decreases the pulmonary vascular resistance rises more rapidly than the systemic resistance. This could occur as a result of: a) uniform and progressive vasoconstriction throughout the lungs, or b) complete closure of an ever-increasing number of pulmonary vascular channels, or both processes occurring simultaneously. An "alveolar" dead space could develop with either alternative. A distinction between these two mechanisms can be made from our data by examining the blood and gas carbon dioxide tensions, and the blood oxygen saturations.
Normally, there is adequate perfusion of the ventilated alveoli so that an equilibrium for a readily diffusible gas, such as carbon dioxide, will exist between alveolar gas when sampled as end-tidal gas, and end-pulmonary capillary blood when sampled as arterial blood (25, 27, (39) (40) (41) . We found this to be true for our control determinations. Figure 7 is a schematic portrayal of the lung showing the relationship between pulmonary circulation and ventilation, according to the values obtained from the blood and gas analyses during the control period.
Following blood volume depletion, if the blood flow to the ventilated alveoli were reduced uniformly throughout the lung, as by partial vasoconstriction, a carbon dioxide equilibrium between end-tidal gas and arterial blood would still exist because of the great diffusibility of this gas (42) (43) (44) . Our findings, however, show that the end-tidal gas carbon dioxide tension fell below that of the arterial blood (Table IV, Figure 4 ), so that a marked arterial to end-tidal carbon 0.90 * The mean value for the entire group is given to indicate the direction of change. The degree of change was proportional to the amount of blood removed, which varied from animal to animal. dioxide tension difference was present. This indicates that the development of a significant "alveolar" dead space is responsible for the increase in the total (physiological) dead space. Thus, under conditions of reduced pulmonary blood flow we must view the lung as though portions of the pulmonary bed close completely, leading to nonuniform perfusion as indicated in Figure 8 . Those ventilated alveoli which are no longer perfused cease to take part in gas exchange, and thus contain only that carbon dioxide washed into them from the dead space during inflation (34) . On expiration, the gas coming Prom these alveoli dilutes the carbon dioxide coming from the perfused alveoli, lowering the end-tidal carbon dioxide tension and leading to the development of a carbon dioxide tension gradient between the end-tidal air and the arterial blood. Such a concept is compatible with our findings.
A probable mechanism by which such nonuniform closure of blood vessels could occur involves the relationship between the forces which keep blood vessels open and those which tend to close them. The primary force which distends the vessels is the intravascular blood pressure. This is opposed by the tension within the vessel walls, the surrounding tissue pressure and, in the case of the lung during intermittent positive pressure ventilation, the intrapulmonic air pressure which tends to compress the delicate pulmonary capillaries suspended in an air matrix with little solid support.
As the blood flow decreases there occurs, initially, a fall in the central pulmonary arterial blood pressure. When the blood pressure drops to a 532 The alveoli are represented by the circular areas into which are directed shaded tubes designating conducting airway or "anatomical" dead space. The darkly shaded channels surrounding the alveoli represent pulmonary blood flow. The large arrows entering the alveoli indicate the distribution of the inspired air, and the small arrows represent diffusion of respiratory gases across the alveolar capillary walls. The rectangular block above designates the minute volume, which is divided into total respiratory dead space (white area) and effective alveolar ventilation (hatched area) (26 The lung is portrayed as if some portions of the pulmonary vascular bed were closed completely, all the "alveolar" dead space being limited to the nonperfused alveoli. In the block representing the minute volume the dead space ventilation, indicated by the white area, is divided by the broken line into "anatomical" dead space above, and "alveolar" dead space below. critical level below the opposing pressures, some of the pulmonary capillaries may then close completely (45) (46) (47) (48) (49) (50) (51) (52) . This would evoke a reduction in the size of the vascular bed leading to a rise in vascular resistance; the central pulmonary arterial blood pressure could then be maintained despite a progressive reduction in blood flow. Since these pressure relationships may not be uniform throughout the lung, this process may take place in scattered portions of the lung and lead to closure of vessels despite a blood pressure in the main pulmonary artery considered adequate for perfusion. When the blood flow again increases, the resistance offered by the closed vessels to passive reopening would initially require a driving force in excess of that necessary to maintain flow in patent channels. This force must be provided by increased work on the part of the right ventricle resulting in a rise in the pulmonary arterial blood pressure (Figure 2 ) (53), or the cardiac output could not be maintained at its control level (54) .
We feel that the evidence presented here supports the concept that decrease in pulmonary blood flow can lead to complete closure of pulmonary vessels (55, 56) , at least during intermittent positive pressure ventilation. Such a mechanism may be responsible for some of the phenomena ascribed to pulmonary vasomotor activity (57) , and may, in part, account for the variations in pulmonary diffusing capacity noted under different circumstances (42, 44, (58) (59) (60) 1. Blood flow in eight anesthetized dogs was decreased by removal of one-third of the estimated blood volume and then restored by blood replacement.
2. The pulmonary and systemic arterial blood pressures, total lung-thorax compliance and endtidal carbon dioxide gas tension were continuously measured. Pulmonary and systemic arterial blood samples were analyzed for oxygen and carbon dioxide contents, pH, hematocrit values and lactic acid concentrations. Samples of mixed expired air, obtained simultaneously with the blood samples, were analyzed for carbon dioxide and oxygen concentrations. From these data we calculated pulmonary blood flow, respiratory dead space, venous admixture, carbon dioxide tensions and buffer base.
3. The significant findings were as follows: a. With reduction in blood flow the systemic arterial blood pressure declined continuously, whereas the pulmonary arterial blood pressure stabilized after an initial decline, thereafter dropping only slightly. b. The respiratory dead space increased following hemorrhage, with the appearance of a marked carbon dioxide tension gradient between the arterial blood and the end-tidal gas, indicating development of a significant "alveolar" dead space. c. Upon restoration of blood volume the pulmonary blood pressure initially rose above its control level. The respiratory dead space decreased toward its control volume and the carbon dioxide tension gradient was reduced.
4. We conclude that, with intermittent positive pressure ventilation, reduction of pulmonary blood flow may lead to complete closure of portions of the pulmonary bed and that, following restoration of blood flow, there is some delay before these vessels again reopen.
